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ABSTRACT 

Pseudomonas aeruginosa, gram-negative opportunistic pathogen, causes severe 

infections in immunocompromised hosts. The mortality rate among P. aeruginosa-

infected bum patients may reach as high as 50%. Due to their immunocompromised 

status, passive rather than active immunization may be more effective in protecting bum 

patients against infection. As a potential multivalent Ab-based therapy, specific 

polyclonal antibodies against four P. aeruginosa vimlence factors, including exotoxin A 

(ETA), were prepared. In this study, we analyzed the in vivo effects of ETA and the 

ability of ETA antibody (ETA-Ab) to neutralize these effects. Adult mice injected with 

purified ETA suffered 100% mortality. The cytosolic DNA ofthe hepatocytes of these 

mice was fragmented indicating ETA-induction of apoptosis. In addition, multiprobe 

RNase protection assays showed that ETA up-regulates the expression ofthe genes for 

the proinflammatory cytokines as well as the apoptosis genes in the livers of ETA-

injected mice. No mortality was detected among animals that were injected with ETA-

Ab after ETA injection. In addition, the ETA-induced hepatocyte DNA fragmentation 

and the upregulation ofthe above-described genes were eliminated. The role of ETA 

during a P. aeruginosa infection was examined by determining the in vivo virulence of P. 

aeruginosa PA103 and its isogenic, ETA-deficient mutant PA103Q::ro;c^ using the 

thermally injured mouse model. The lethaHty of PA103Q: :/ojCv4 was significantly 

reduced compared to PA103. In addition, PA103Q::rox/l was defective in its spread 

within the bumed skin, as well as in the livers and spleens of infected mice. These results 
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suggest that: (1) part of ETA lethality is due to induced apoptosis in hepatocytes, (2) 

specific cytokines are produced in response to ETA, (3) ETA-Ab neutralizes these 

effects, and (4) ETA contributes to the spread of P. aeruginosa during bum wound 

infection. 
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CHAPTER I 

ESITRODUCTION 

General characteristics of P. aeruginosa 

Pseudomonas aeruginosa is a gram-negative, opportunistic pathogen. This motile 

bacterium is classified within the family Pseudomonadaceae and is knovyn to cause 

disease in both plants and animals (Pollack, 2000). P. aeruginosa prefers moist 

environments and grows within a wide range of temperatures. Since P. aeruginosa can 

use atmospheric carbon dioxide as its sole carbon source, this pathogen is commonly 

isolated from soil and water and, thus, can be found virtually everywhere in the 

envirormient. Approximately 6 to 10% ofthe human population carries P. aeruginosa 

within their gastrointestinal tract without suffering any ill effects (Cross, 1985). 

P. aeru2inosa as an opportunistic pathogen 

Rarely causing disease in healthy adults, P. aeruginosa can be devastating to 

immunocompromised patients. Normal host defenses against microbial invaders are 

sufficient to prevent colonization from P. aeruginosa', however, once these defenses 

become impaired, particularly the epithelial barriers ofthe skin and mucous membranes, 

this bacterium can cause a variety of diseases (Froland, 1981). The major types of 

disease caused hy P. aeruginosa are pneumonia in cystic fibrosis and neutropenic 

patients and local and/or invasive infection in severely-bumed patients (Froland, 1981). 

Other cHnical manifestations include peritonitis in dialysis patients, gastroenteritis or 

"blue diaper" syndrome in neonates, endocarditis and osteomyelitis in dmg users, and 



external otitis or swimmer's ear (Cross, 1985). The coirmion thread linking together the 

wide array of P. aeruginosa infections is the immunocompromised state ofthe host 

(Froland, 1981). The research in our laboratory focuses specifically on the pathogenesis 

of P. aeruginosa infection in one of these groups - severely bumed patients. 

P. aeruginosa in severely bumed patients: 
Incidence, current treatment, and the need for more effective therapies 

After thermal injury, the protective layer of skin is lost resulting in the exposure 

of a moist, nutrient-rich wound with a limited vascular supply (Greenfield & McManus, 

1997). Initially the bum wound is sparsely populated by mostly gram-positive bacteria, 

but within one week gram-negative bacteria predominate the damaged area (Pmitt et al., 

1998). Starting in the 1940s, gram-positive bacteria such as Staphylococcus aureus, 

group A beta-hemolytic streptococcus, and enterococcus species were the most 

commonly isolated pathogens in serious bum wound infections (Greenfield & McManus, 

1997). The development and use of broad-spectrum antibiotics brought these gram-

positive infections under control and allowed P. aeruginosa to emerge as the largest 

threat to bum patients (Pmitt et al., 1998). 

Fortunately, as improvements in bum wound care were developed, the overall 

incidence of infections dropped dramatically. For instance, the U.S. Army Institute of 

Surgical Research reported a total of 220 infections in 209 bums in 1982, but only 69 

infections occurred in 266 similar cases in 1994. This reduction in the incidence of bum 

wound infections has been attributed to several factors: early excision of necrotic tissue, 

discontinued use of emersion hydrotherapy bathing, improvement in physical isolation of 



bum unit design, and increased awareness and execution of infection control procedures. 

As a result of improved patient isolation, infections caused by gram-negative bacteria, 

particularly P. aeruginosa, have declined which in tum also reduced bacteremia and 

mortality. Although the infection rate of filamentous fungi has not changed, these 

pathogens currently infect bum wounds more frequently than gram-negative bacteria 

(Greenfield & McManus, 1997). The use of topical antibiotics has also played a large 

role in the reduction of bum wound sepsis over the years (Pmitt et al., 1998). 

Despite the advances mentioned above, P. aeruginosa sfill remains a lethal 

adversary. Even with antibiotic treatment, mortality rates in immunocompromised 

patients with P. aeruginosa infections may still reach as high as 35% to 60%). Part off. 

aeruginosa's, vimlence maybe attributed to its arsenal of cell-associated and secreted 

factors which will be discussed later in more detail (Baltch et al, 1996). Another reason 

that mortality against this pathogen remains high results from the increasing resistance of 

P. aeruginosa, along with many other pathogens, to antimicrobial agents. Therefore, 

interest in altemative therapies such as passive immunization has been renewed as the 

effectiveness of antibiotics continues to diminish. These therapies when used alone or in 

combination with current treatments may lead to better methods to combat P. aeruginosa 

and other bacterial infections in the future (Neely & Holder, 1999). 

P. aerusinosa vimlence factors 

Vimlence factors can be generally grouped according to their location into two 

categories: (1) cell-associated factors or (2) extra-cellular factors. The large number of 



these factors aids P. aeruginosa in surviving a wide range of environments and causing 

many different clinical manifestations (Pollack, 2000). Many of these vimlence factors 

will be discussed below with emphasis on those factors having major roles in the 

pathogenesis of P. aeruginosa bum wound infections. 

Cell-associated factors 

Some ofthe cell-associated (or somatic) factors identified with P. aeruginosa are 

pili, flagella, aliginate, and lipopolysaccharide (LPS). Pili, also referred to as fimbriae 

allow P. aeruginosa to attach to host cells (Pollack, 2000). A single, polar flagellum aids 

in the motility ofthe cell and is required for the fiiU vimlence of this pathogen (Montie et 

al., 1982). Alginate is produced by P. aeruginosa to form a capsule around the bacterial 

cell. This sticky matrix, sometimes called mucoid exopolysaccharide, binds neighboring 

cells together and anchors the cell population to a stationary surface resulting in a 

stmcture called a biofilm. The formation ofthe capsule protects the bacterial cells from 

the host's defenses and the toxic effects of antibiotics. LPS is responsible for the 

septicemia that occurs in P. aeruginosa infections. LPS is part of P. aeruginosa's outer 

membrane, as is the case with all gram-negative bacteria, and is known to elicit a variety 

of responses from the host's immune system (Pollack, 2000). Cryz et al. (1984) selected 

for P. aeruginosa mutants with an altered LPS stmcture. The change in the cell wall in 

one such mutant lacking high-molecular-weight polysaccharide material rendered the 

strain avimlent. The 50%) lethal dose (LD50) ofthe LPS-altered mutant strain was 10 -̂

fold higher than its parent strain (Cryz et al., 1984). By comparing an aliginate/LPS 



deficient (algC) strain and aliginate-deficient (algD') strain to their parent strain in a 

bumed mouse model, Goldberg et al. (1995) concluded that the alteration of LPS rather 

than the deficit in ahginate production resulted in a loss of vimlence. 

Extracellular factors 

P. aeruginosa produces several extra-cellular or secreted vimlence factors such as 

exotoxin A, exoenzyme S, proteases, cytotoxin, phospholipase C, rhamnolipid, and 

pyocyanin. Generally speaking, these factors aid the bacterial cells in combating the 

defenses ofthe host and acquiring nutrients for growth. Exotoxin A, exoenzyme S, and 

proteases have been recognized as major contributers to P. aeruginosa bum wound 

infections and will be discussed below in more detail. Cytotoxin (or leukocidin) kills 

eukaryotic cells by forming pores within their cell membranes. Phospholipase C and 

rhamnolipid are both hemolysins that are important in P. aeruginosa respiratory tract 

infections. Phospholipase C degrades lung surfactant and rhamnolipid interferes with the 

ciliary function of human epithelial cells (Pollack, 2000). Pyocyanin (PVD) is a 

siderophore utilized by P. aeruginosa to obtain iron. P. aeruginosa strains deficient in 

PVD production were unable to cause mortality in bumed mice unlike their parent strain 

(Meyer etal., 1996). 

Exotoxin A 

Exotoxin A (ETA) is considered the most toxic vimlence factor secreted by P. 

aeruginosa (Vasil et al., 1977) and is produced by most clinical isolates (Pollack, 2000). 



ETA is secreted as a single protein with a molecular weight ranging from approximately 

60,000 daltons (Woods & Iglewski, 1983) to 71,500 daltons (Vasil et al., 1977). In 

eukaryotic cells, ETA catalyzes the transfer ofthe ADP-ribosyl moiety to elongation 

factor 2 (EF-2), thereby haUing protein synthesis and ultimately leading to the death of 

the cell (Iglewski & Kabat, 1975). 

Perhaps the best studied of all P. aeruginosa vimlence factors, ETA has a wide 

range of effects in vivo. In adult mice, the 50%) lethal dose (LD50) of intravenously (TV) 

injected ETA was approximately 1 p-g/mouse. When injected IV in normal mice, ETA 

causes necrosis and swelling ofthe liver cells (Pavlovskis et al., 1976). Miyazaki et al. 

(1995) demonstrated that the number of polymorphonuclear leucocytes (PMNLs) within 

the blood of normal mice decreased post-injection of ETA. More recently, Schumarm et 

al. (1998) added further insight into the function of ETA by reporting that the intravenous 

injection of purified ETA in mice caused hepatocytes to release proinflammatory 

cytokines such as TNF, INF-y, IL-2, and IL-6 and to undergo apoptosis. 

Animal models have been useful in understanding the role of ETA in P. 

aeruginosa infections ofthe bum wound. Saelinger et al. (1977) provided evidence for 

the presence of ETA produced by P. aeruginosa within the bumed skin of mice. Two 

different groups of investigators showed that a toxigenic strain of P. aeruginosa could 

decrease the amount of active EF-2 within the Uvers of mice post-bum/infection 

(Pavlovskis et al., 1978; Snell et al., 1978). The LD50 values for ETA-deficient strains 

were higher compared with their parent strains in both the rat bum wound sepsis model 

and the bumed mouse model (Walker et al., 1975; Nicas & Iglewski, 1985). Overall, 



these studies have established that ETA is produced in vivo by bacterial cells and that it 

plays an important role in P. aeruginosa bum wound infections. 

Exoenzyme S 

Iglewski et al. (1978) reported that P. aeruginosa produces another ADP-ribosyl 

transferase called exoenzyme S (exoS). This vimlence factor preferentially ADP-

ribosylates 21 to 25 kDa GTP-binding proteins (Cobum & Gill, 1991) and is secreted by 

the type EQ pathway (Yahr et al., 1996). ExoS was detected in vivo within the skin and 

sera of bumed and P. aeruginosa infected mice but not within livers, kidneys, and spleen 

(Bjom et al., 1979). In the bumed mouse model, the LD50 of an exoS-deficient mutant 

strain dropped dramatically from approximately 10̂  cfus to 10̂  cfus compared to its 

parent strain (Nicas & Iglewski, 1985). Although not as extensively studied as ETA, 

exoS contributes greatly to the virulence of P. aeruginosa bum wound infections. 

Proteases 

P. aeruginosa produces four different proteases which are listed as follows: 

elastase (LasB), LasA protease, alkaline protease, and a lysine-specific endopeptidase 

(Kessler et al., 1998). Elastase (LasB) is produced by approximately 85%) of P. 

aeruginosa clinical isolates. This protease degrades elastin (hence its name) which 

constitutes the elastic fibers found within connective tissue ofthe skin and lung (Wretlind 

& Pavlovskis, 1983). LasB is capable of inactivating several complement components 

(Schultz & Miller, 1974), immunoglobulin G (IgG) (Holder & Wheeler, 1984), and 
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various cytokines (Parmely et al., 1990). LasA is a stapholytic protease that is thought to 

enhance the activity of LasB by cleaving the glycine-glycine bonds within elastin 

(Kessler et al., 1993). Pavlovskis and Wrethnd (1979) examined mortality and spread of 

two non-specific protease-deficient strains to their parent strain (PAKS-1) in the bumed 

mouse model. Both protease-deficient strains had a higher LD50 and fewer numbers of 

bacteria were isolated from the blood of bumed/infected mice compared to their parent 

strain (Pavlovskis & Wretlind, 1979). When grown in a medium containing bumed skin 

extract as the sole nitrogen source, protease-producing strains grew more rapidly 

compared to protease-deficient strains; thus, the authors ofthe study suggested that the 

proteases are beneficial to the bacterium because these proteins increase the amount of 

available nutrients within the bumed tissue (Cicmanec & Holder, 1979). Whatever the 

exact function(s) of each one of these proteases in vivo, they are all vital to the 

pathogenesis of P. aeruginosa infections. 

Previous attempts toward a P. aerusinosa vaccine 

In the past, there have been several attempts toward the production of a P. 

aeruginosa vaccine. The presence of antibodies against P. aeruginosa antigens, 

especially LPS and exotoxin A, has been correlated with survival in patients with P. 

aeruginosa bacteremia (Pollack & Young, 1979; Cross et al., 1980; Baltch et al, 1996), 

which provides support that vaccination can aid in combating this pathogen. Attempts to 

raise antibody levels within patients can be divided into two categories: either indirectly 
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through active immunization or directly through passive immunization. Some ofthe 

most prominent developments are briefly outlined below. 

Active immunization 

A heptavalent LPS preparation called Pseudogen was shown to reduce mortality 

in bum pafients; however, problems exist with this study. Almost 90%) ofthe patients 

suffered a local or febrile reaction after injection ofthe vaccine (Alexander & Fisher, 

1974). Another drawback to this clinical study was its experimental design. Patients 

receiving this vaccine were not compared to randomized controls but instead to a 

historical control group for determining its efficacy. The design ofthe study makes 

evaluation of this vaccine difficult due to introduction of topical antibiotic therapy and 

varying definitions for bacteremia (Young, 1984). 

Miler et al. (1977) extracted surface antigens from the cell wall of P. aeruginosa. 

Monovalent extracts from 16 P. aeruginosa serotypes were combined to produce the 

PEV-01 vaccine (Miler et al., 1977). Later, LPS was determined to be the major 

component in at least 15 ofthe 16 monovalent extracts (Maclntrye et al., 1986). In India, 

clinical trials were conducted with PEV-01 in bum patients, but the relevance of these 

findings to Westem bum centers remains questionable since treatment regiments differ 

between these centers (Cryz, 1991; Young, 1984). 

Cryz et al. (1986) constmcted a conjugate vaccine by covalently linking O-

polysaccharide derived from P. aeruginosa LPS to exotoxin A with adipic acid 

dihydrazide serving as a spacer molecule (Cryz et al, 1986). Later, an octovalent version 



of this conjugate vaccine was prepared from various P. aeruginosa immunotypes and 

serotypes (Cryz et al., 1989). Although some success was obtained in clinical trials with 

cysfic fibrosis pafients (Cryz et al., 1997), no trials were conducted with bum patients. In 

the discussion section, our proposed anfibody-based therapy is compared to this 

conjugate vaccine. 

Passive immunization 

Antibody (Ab) based therapies have been used to treat a variety of conditions for 

over a century (Casadevall & Scharff, 1995). Bocanegra et al. (1966) found that human 

convalescent bum plasma did not provide any greater protection in severely bumed 

children compared to normal plasma. No differences in mortality or the incidence of 

septicemia were observed between either group (Bocanegra et al., 1966). A tetravalent 

hyperimmune Pseudomonas intravenous immunogloblubin G (THPG) was prepared from 

normal plasma of screened donors selected for high titers against four P. aeruginosa LPS 

immuntypes (Fisher 1, 2, 4, 6). Ten bum patients with Pseudomonas sepsis received two 

doses (500 mg/kg) of THPG. The IgG levels in the patients' sera rose after 

administration ofthe therapy and were associated with clinical improvement (Hunt & 

Purdue, 1988). Psomaglobulin, a hyperimmune intravenous immunoglobulin, was 

prepared in a similar manner as THPG. In one clinical study, bum patients received 

either six doses of Psomaglobulin over 13 days or normal supportive care including 

antibiotics. Although the incidence of P. aeruginosa infection was unaffected, the group 

treated with Psomaglobulin had fewer cases of septicemia (33% vs. 71%)) (Cryz, 1991). 

10 



Recently, Dibirdik et al. (1995) have shown that a polyclonal intravenous IgG (500 

mg/kg) used to treat bum patients suppressed components ofthe specific immune system 

but increased the cellular levels ofthe non-specific immune system. Although Ab-based 

therapies have met with only limited success against P. aeruginosa infections in bum 

wounds, advances in technology may allow for this approach to be more effective with 

the use of specific antibodies and a means to produce these specific antibodies on a large 

scale (Casadevall & Scharff, 1995). 

Aims of this studv 

After thermal injury, the amount of IgG drops quickly in severely bumed patients 

48 h post-injury and then gradually retums to normal levels 2 to 4 weeks later (Munster et 

al., 1970; Greenfield & McManus, 1997). The goal of any passive immunization therapy 

is to supply the patient with specific antibodies against various P. aeruginosa vimlence 

factors until the immune system begins functioning normally again. Hopefully, the 

passively transferred antibodies will protect the patient from P. aeruginosa infection. 

We are interested in the production of an Ab-based therapy for severely bumed 

patients that contains antibodies against four ofthe most vimlent factors of P. 

aeruginosa: ETA, exoenzyme S, elastase, and LPS. Toward that goal we have prepared 

and purified specific, polyclonal antibodies to each of these factors. However, for such a 

therapy to be effective, two major aspects have to be extensively analyzed: (1) the 

specific pathological effects that each factor produces within the host and (2) the 

effectiveness of each antibody in blocking these effects. The first objective of this study 
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was to analyze the role of anfi-ETA semm in neutralizing the pathological effects of 

purified ETA in mice. These effects include mortality, histopathological changes, the 

expression of genes coding for proinflammatory cytokines, and the induction of 

apoptosis. 

Although previous studies demonstrated clearly the importance of ETA in P. 

aeruginosa bum wound infecfion, the ETA-deficient mutants that were used did not carry 

a specific mutation in the toxA gene. Therefore, the effect of other mutations on P. 

aeruginosa cannot be mled out. The second objective of this study was to compare an 

ETA-deficient isogenic mutant of P. aeruginosa with its parent strain in the thermally-

injured mouse model. The following parameters were examined: (1) mortality, (2) local 

spread within the bumed skin, and (3) systemic spread within the intemal organs. 

12 



CHAPTER n 

MATERIALS AND METHODS 

Bacterial strains and growth media 

Originally described by Liu (1966), PAl03 is a prototropic, hypertoxigenic strain 

of P. aeruginosa. A rifampicin resistant mutant of PA103 (PA103^^) was isolated by 

exposing a growing culture to rifampicin at 100 |ag/ml. FAl03Q::toxA, which produces 

no ETA protein, was constmcted using the gene replacement technique (Toder, 1994). A 

1.8 kb intemal deletion within the toxA stmctural gene was replaced with the 1.8 kb Q 

fragment, which carries the gene for streptomycin resistance. Strains were routinely 

grown at 37°C in Luria-Bertani (LB) medium with antibiotics (Sigma, St Louis, MO) at 

the following concentrations: rifampin, 80 p-g/mL; streptomycin, 200 pg /mL. For 

production of ETA, ovemight cultures in LB were subcultured into chelexed, dialyzed 

trypficase soy broth medium (TSB-DC) (Ohman et al., 1980) and incubated at 32°C with 

aeration for 16 hours. 

Preparation ofthe polyclonal anti-ETA IgG 

Polyclonal antibodies against ETA were produced by Charles Rivers 

PharmServices (Southbridge, MA). Rabbits were immunized at three-week intervals 

with 100 ng of purified, denatured Pseudomonas aeruginosa ETA (List Biological 

Laboratories, Inc., Campbell, CA) in Freund's complete adjuvant according to their 

protocols. Blood samples were obtained prior to immunization and two weeks after each 

13 



immunizafion and the sera were tested for ETA antibody as described below. When 

sufficient ETA antibodies were present, the IgG-rich fraction was precipitated with 

ammonium sulfate. Sera obtained prior to immunization were precipitated in the same 

manner to obtain the nonimmune IgG. Protein concentrations were determined using the 

Coomassie Protein Assay Reagent Kit (Pierce, Rockford, IL). The anti-ETA IgG and 

nonimmune IgG were aliquoted and stored at -70°C. 

Confirmation of anti-ETA IgG antibodies 

P. aeruginosa strains were grown in LB broth with antibiotics ovemight at 37°C. 

Cells were washed and each strain was subcultured into TSB-DC 16 h at 32°C. 

Supematant fractions were harvested and precipitated by addifion of 70%) ammonium 

sulfate. The precipitated proteins were resuspended in water to 1/100th the original 

volume ofthe supematant and the protein concentration was determined as described 

above. Proteins in 10 pg of each supematant sample and 1 pg of purified ETA (as a 

control) were separated by 10% SDS-PAGE. The proteins were transferred to 

nitrocellulose membrane and probed with either nonimmune IgG or anti-ETA IgG as 

previously described (Towbin et al., 1979). 

Animals 

Adult female Swiss Webster (outbred) or C57B1/6 (inbred) mice weighing 18-22 

grams were housed under controlled environmental conditions at the TTUHSC 

Laboratory Animal Resource Center (LARC). The animals were given food and water ad 
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libitum. When necessary, mice were euthanized by the intracardial injecfion of 0.2 ml of 

Sleepaway (sodium pentobarbital-7.8%) isopropyl alcohol euthanasia solution; Fort 

Dodge Laboratories, Inc., Fort Dodge, lA). Animals were treated humanely and in 

accordance with the protocol approved by the Animal Care and Use Committee at 

TTUHSC in Lubbock, TX. 

Detection of anti-ETA IgG in mouse semm 

Fifteen Swiss Webster mice were injected intravenously via the tail vein with 15 

mg/kg of anti-ETA IgG (0.2 mL). Blood was collected from three mice by intracardial 

puncture at 4, 8, 12, 24 and 48 h post injection and pooled. The level of anti-ETA IgG in 

each semm pool was determined by enzyme-linked immunosorbent assay (ELISA), 

which was modified from that described previously by Cryz et al. (1983). Microliter 

wells were coated with ETA (5 pg/mL) dissolved in 0.1 mL sodium carbonate (pH 9.6) 

and stored at 4°C until needed. Wells were blocked with bovine semm albumin (1 

mg/mL in phosphate buffered saline/0.02%) Tween 20). The pooled sera were diluted 

1:32 for testing. Nonimmune IgG (rabbit) was used as a background control. ELISA 

fiters were determined by setting the endpoint at an absorbance reading of 0.5, well above 

the maximum background levels obtained. 

In vivo ETA neutralization studies 

Adult female Swiss Webster or C57B1/6 mice weighing between 18-22 g were 

used. Swiss Webster mice were used for all experiments except the analysis of cytokine 
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expression by RNase protection assay. C57B1/6 inbred mice were used for these 

experiments due to the variability seen previously when using Swiss Webster mice 

(Rumbaugh et al., in press). Mice were injected intramuscularly with 0.1 mL of either 

phosphate buffered saline (PBS) or purified ETA (100 pg/kg), followed immediately 

with injection of 0.2 mL of either nonimmune IgG or anfi-ETA IgG (15 mg/kg) via the 

tail vein. In the survival experiments, the mice were observed for six days. In other 

experiments, the mice were euthanized 36 h post-treatment and their organs harvested for 

testing. 

Histopathological examination of intemal organs 

Three groups of mice (three mice/group) were injected with the following: (1) 

PBS plus nonimmune IgG, (2) purified ETA plus nonimmune IgG, and (3) purified ETA 

plus anti-ETA IgG. The mice were euthanized as described above at 36 h post-injection. 

Whole organs (livers, kidneys, spleens) were harvested and placed in 10%) formalin. 

Sections of each organ were paraffin-embedded and stained with hematoxylin and eosin 

for histological examination. 

Determination of hepatocyte DNA fragmentation 

Swiss Webster mice (two mice/group) were injected and euthanized as described 

above. The liver was perfused with 1 mL of perfusion buffer prior to harvesting and the 

cytosolic DNA extracted (Schumann et al, 1998). The concentrafion ofthe DNA was 

determined by measuring the absorbance levels ofthe samples at 260 and 280 nm. Forty 
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pg of each DNA sample was separated on 1%) agarose gels and the DNA was visualized 

by staining with ethidium bromide and exposure to UV light. 

RNase protection assays 

C57B1/6 mice (three mice/group) were injected and euthanized as described 

above. Liver samples were harvested and placed immediately in Tri-Reagent 

RNA/DNA/Protein isolation reagent (Molecular Research Center, Inc., Cincinnati, OH) 

and the tissue was homogenized. Total RNA was extracted according to the 

manufacturer's instmctions. The expression of different murine cytokine and apoptosis-

related genes was detected using two different Multi-Probe Template Sets (PharMingen, 

San Diego, CA) in the Riboquant Ribonuclease Protection Assay System (PharMingen). 

The probes were hybridized ovemight at 56°C with 20 pg of total RNA. The mixture 

was then treated with RNase A + Tl mix (PharMingen) to digest unhybridized single-

stranded RNA. The protected fragments were purified by phenol/chloroform extraction 

and ethanol precipitation, resuspended in 5 pi of loading dye, and separated on 6%) 

acrylamide/8 M urea gels. The gels were dried and exposed to Kodak Scientific Imaging 

film (Eastman Kodak Company, Rochester, NY). One ofthe templates used was a 

standard set (mCK-3b; PharMingen). The other template was custom designed and 

includes probes for additional cytokines and apoptosis-related genes. Together these 

template sets include probes for proinflammatory factors: eotaxin, IFN-y, IL-lp, IL-lRl, 

LT-P, IL-6, MIP-ip, MIP-2, TNF-a and TNF-P; other factors involved in the immune 

response: MIF, IFN-p and TGF-p(l-3); and the apoptosis-related genes: bad, bax, bcl-2 

17 



mdfas. Each set also contains two housekeeping genes that code for L32 and GAPDH 

(as intemal standards). 

Thermallv-iniured mouse model 

The vimlence of strains PAl 03 and PA103Q::/o;c^ was examined in the modified 

thermally injured mouse model of Stieritz and Holder (1975) (Rumbaugh et al., 1999a). 

Adult female Swiss Webster mice weighing 18-22 g were anesthetized by intraperitoneal 

injection of 0.4 mL of Nembutal at 5 mg/mL (5%) sodium pentobarbital; Abbott 

Laboratories, North Chicago, IL) and their backs shaved. The mice were securely placed 

into a template with an opening (4.5 by 1.8 cm) exposing approximately \5% ofthe total 

surface area ofthe mouse. Thermal injury was induced by placing the exposed area of 

the skin in 90°C water for 10 s. Immediately following thermal injury, fluid replacement 

therapy consisting of 0.8 mL of 0.9%o NaCl solution was administered subcutaneously. 

Mice were then challenged by the subcutaneous injection of 100 pi of PBS containing 

approximately 10"̂  colony forming units (CPUs) of PAl 03 or FA\03Q::toxA directly 

under the bum. During recovery the mice were kept under warming lights. At 16 or 24 h 

post-thermal injury/infection, the mice were euthanized and organs and skin samples 

(from the area of intact skin surrounding the bum) were obtained for quantitation ofthe 

numbers of microorganisms as described below. 

18 



Preparation ofthe inoculum 

Aliquots (60 pi) of ovemight cultures were subcultured into 10 mL of fresh LB 

broth with antibiotics. The cultures were grown at 3TC for 4 h to an absorbance at 540 

nm of approximately 1.5 (some cultures were adjusted by addition of sterile PBS). A 100 

pi aliquot of each culture was pelleted, resuspended in PBS, and serially diluted (10-fold) 

in PBS. A 100 pi aliquot ofthe 10"̂  dilution was injected into each animal. This dose 

contains approximately 10"̂  colony forming units (CPUs) of P. aeruginosa. The number 

of pre-inoculation CPUs of each strain was determined by plating serial dilutions ofthe 

inoculum on LB agar plates. 

Quantitation of bacteria within the skin and the intemal organs 

of bumed/infected mice 

To determine local spread, skin sections of approximately 5 by 5 mm were 

obtained from the bumed skin of infected mice at the site of injection (inoculation site) 

and a site located 15 mm away (distant site). To determine systemic spread, the spleen, 

liver, and lungs of each animal were obtained. Individual skin sections and organs were 

weighed and homogenized in 2 mL of PBS (Wheaton overhead stirrer: Wheaton 

Instruments, Millville, NJ). A 100 pi of each homogenate was plated on LB agar and the 

colonies counted. The number of CPUs from each sample was calculated per gram of 

tissue (CFUs/g). 
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Co-infection experiments using PAl03^^ and PA103Q::toxA 

The in vitro growth of PA103^^and PA103Q::/ox^ was compared prior to the in 

vivo experiments. Both strains were inoculated from frozen stocks into 10 mL of LB 

broth with antibiotics and grown ovemight. A 1 mL aliquot of cells was washed, 

resuspended in 1 mL of LB broth, and 300 pi ofthe washed cells were subcultured into 

50 mL of LB broth. The optical density of each culture (growth index) was measured at 

an OD540 at 2 h intervals. 

The inoculum for each strain, PA103^^ and ?A\03Q::toxA, was prepared as 

described above. Equal volumes ofthe appropriate dilutions were combined prior to 

injection into the thermally injured mice. For quantitation of each strain, tissue samples 

were prepared as described above and 100 pi aliquots of each homogenate were spread 

on three types of LB agar plates: (1) without antibiotics, (2) with 80 pg/mL of rifampicin 

(selection for PA103^^), and (3) with 200 pg/mL of streptomycin (selection for 

?A\Q3Q::toxA). 

Stastical analysis 

The Wilcoxon signed rank test for significance and the Fisher's exact test 

(StatView; Abacus Concepts, Inc., Berkeley, CA) were used to determine significant 

differences between the numbers of CFUs/g for the spread experiments and between 

groups for the mortality experiments respectively. 
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CHAPTER m 

RESULTS 

Specificity and immunoreactivity ofthe anti-ETA IgG 

Polyclonal antibodies against ETA were produced in rabbits (Charles Rivers 

PharmServices, Southbridge, MA). The anti-ETA IgG-rich fraction was obtained from 

the semm by ammonium sulfate precipitation as described above. We also obtained the 

IgG-rich fraction from semm obtained from the rabbits prior to immunization 

(nonimmune IgG). Specificity ofthe anti-ETA IgG was examined by immunoblotting 

experiments using purified ETA. A strongly reactive band was detected between ETA 

and anti-ETA IgG (Fig. 1, lane 1). The specificity ofthe anti-ETA IgG was further 

examined using concentrated supematants from PAl03 and its isogenic ETA" mutant 

PA103Q::^ox^. These strains were grown in TSB-DC for maximum production of ETA. 

Supematant fractions were collected, processed and used in immunoblotting experiments 

with anti-ETA IgG as a probe. A band of reactivity correlating with the molecular mass 

of purified ETA was detected with the supematant fraction of PAl 03 only (Fig. 1, lanes 2 

and 3). No bands were detected when these samples were probed with nonimmune IgG 

(data not shown). 

The immunoreactivity ofthe anti-ETA IgG was examined by its ability to 

neutralize the enzymatic activity of ETA in the ADP-ribosyl transferase assay as 

described previously (Rumbaugh et al., 1999b). ETA activity was eliminated upon 
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Figure 1. Immunoblotting experiment to determine the specificity ofthe anti-ETA IgG. 
Supematants were concentrated. Lanes: (1) purified ETA; (2) PA 103 supematant; (3) 
?A\03Q::toxA supematant. Molecular weight standards in kDa are showTi to the left of 
the autoradiograph. 
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incubation of ETA with anti-ETA IgG prior to testing (data not shown), hi contrast, the 

incubation of ETA with the nonimmune IgG had no effect on ETA activity (data not 

shown). These results show that the anti-ETA IgG is specific for and reactive with ETA. 

Half-life of anti-ETA IgG in normal mice 

Several experiments in this study were designed to examine the in vivo effects of 

ETA within 48 hours post-injection and the protectivity ofthe anti-ETA IgG against 

these effects. As protectivity depends on the presence of sufficient levels of anti-ETA 

IgG within the host post-injection, it was essential to determine the levels of anti-ETA 

IgG within the mice during this period. Five groups of mice (three mice/group) were 

injected via the tail vein with anti-ETA IgG (15 mg/kg). At 4, 8, 12, 24 and 48 h post-

injection, sera obtained from the mice in each group were pooled and the level of anti-

ETA IgG within each pool was determined by ELISA. The level of anti-ETA IgG 

detected at 4, 8, and 12 h post-injection was consistently high (Fig. 2). By 24 h post-

injection, the level had dropped by half and remained steady through 48 h (Fig. 2). The 

levels of anti-ETA IgG at all time points was considered sufficient to neutralize the in 

vivo effects of ETA. 

Neutralization ofthe effects of ETA by anti-ETA IgG 

ETA-induced mortality 

Preliminary experiments had shown that a dose of 100 pg/kg results in 100% 

mortality in mice within 48 h post-injection of ETA, whether the mice were normal or 
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thermally injured (data not shown). To determine the protectivity of anti-ETA IgG 

against ETA-induced lethality, two groups of mice (5 mice/group) were injected 

intramusculariy with ETA at a dose of 100 pg/kg. The test group also received anti-ETA 

IgG (15 mg/kg) via tail vein, while the control group received nonimmune IgG (15 

mg/kg). The mice were observed for six days. The mortality rate among mice recei\'ing 

the nonimmune IgG was 100%) by 72 h (Table 1). Li contrast, all the mice that received 

anti-ETA IgG survived (Table 1). Thus, anti-ETA IgG protected the mice from death. 

ETA-induced liver damage 

Pavlovskis et al. (1976) previously showed that intravenous injection of purified 

ETA results in liver damage in normal mice. To determine if such changes were 

detectable in our model, one group (two mice/group) of mice was intramuscularly 

injected with ETA (100 pg/kg) while another group (two mice/group) was injected with 

PBS as a control. The livers, spleens and kidneys from PBS-injected mice appeared 

normal (Fig. 3, A). Histopathological examination revealed hemorrhagic panlobular 

necrosis with polymorphonuclear leukocyte infiltration, numerous acidophilic 

(Councilman) bodies. The spleens of ETA-injected mice revealed follicular lymphoid 

hyperplasia with numerous tingible body macrophages. No changes were detected within 

the kidneys (data not shown). 

We then tried to determine if anti-ETA IgG inhibited these histopathological 

changes. The organs of mice receiving PBS plus nonimmune IgG were normal (data not 

shown). The same striking changes were detected within the Uvers of mice that received 
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Figure 2. Half-life of passively transferred anti-ETA IgG in mice. Fifteen mice were 
injected via tail vein with anti-ETA IgG (15 mg/kg). At the times indicated, the sera 
from three mice were collected and pooled. Titers of anti-ETA IgG were determined by 
ELISA. 
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ETA plus nonimmune IgG (Fig. 3, B). However, much less damage (the presence of 

scattered Councilman bodies only) was noted within the livers of mice receiving anti-

ETA IgG with the ETA (Fig. 3, C). The spleens of mice receiving anti-ETA IgG with the 

ETA were normal without significant follicular hyperplasia or increase in tingible body 

macrophages. Again, no changes were detected within the kidneys regardless of 

treatment (data not shown). These results suggest that the elimination of ETA-induced 

mortality by anti-ETA IgG is due in part to prevention of liver damage. 

Fragmentation of hepatocyte DNA 

Apoptosis, or programmed cell death, is a natural mechanism used to rid the body 

of old or infected cells. Several vimlence factors including ETA can induce apoptosis in 

eukaryotic cells (Bmno et al., 2000; Hauser & Engel, 1999; Raj an et al., 2000; Schumann 

et al., 1998). One ofthe simplest ways to examine for apoptosis is the detection of 

fragmented cytosolic DNA. Schumann et al. (1998) recently showed that intravenous 

injection of purified ETA in mice produced fragmentation of hepatocyte DNA 

(Schumann et al., 1998). Therefore, we tried to determine if anti-ETA IgG could 

interfere with such a phenomenon. Mice were injected with ETA and either nonimmune 

IgG or anti-ETA IgG as described above. At 36 hours post-injection, the mice were 

euthanized, their livers perfused, and the cytosolic DNA was extracted as described 

above. As shown in Figure 4, the characteristic fragmentation observed with cytosolic 

DNA was detected in ETA-injected mice that received nonimmune IgG, while no 

fragmentation was detected within the hepatocytes of mice receiving anti-ETA IgG. 
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Table 1. Mortality of mice treated with purified ETA and nonimmune IgG or anti-ETA 
IgG. 

Treatment'' Mortality by Days Post Treatment'' Total Percent 

id^.C Mortality 

ETA plus 2/15 5/15 15/15 100 

Nonimmune IgG 

ETA plus 0/15 0/15 0/15 0/15 0 

Anti-ETA IgG 

^Mice were injected intramuscularly with 100 pg/kg of purified ETA and then with 15 
mg/kg of IgG. 

^Number of dead mice/number of treated mice (total from three experiments). 

'Total from three independent experiments. 
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Figure 3. Histopathological examination of murine livers for ETA-induced damage At 
36 h post-treatment, whole livers were harvested, placed in 10%) formalin, and examined 
by H and E staining of thin sections at 400X total magnification. Mice received PBS (A), 
ETA plus nonimmune IgG (B), or ETA plus anti-ETA IgG (C). Arrows indicate 
Councilman bodies. 
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Upregulation ofthe expression of cytokine and apoptosis-related genes 

Cytokines serve as signaling molecules for the host immune response and are 

secreted by the cells ofthe immune system and many other tissue cells. While cytokines 

are necessary for the host immune response, increased levels of these cytokines may 

produce adverse effects and lead to destmction of healthy tissue during an infection 

(Youn et al , 1992). During sepsis, and in response to overwhelming bacterial infection, 

uncontrolled production of different cytokines can occur (Casey et al., 1993; Walley et 

al, 1996). Therefore, we examined the effect of ETA on the expression of these 

cytokines using RNase protection assays. We also examined the effect of ETA on the 

expression of a several apoptosis-related genes. In addition, we determined the effect of 

anti-ETA IgG on the expression of these genes. 

In mice injected with ETA plus nonimmune IgG, a considerable increase in the 

expression of many different cytokines was observed, including TNF-a, IL-6, IFN-y, 

IFN-P, TGF-P, and MIP-2 (Fig. 5). However, in mice injected with ETA plus anti-ETA 

IgG, only the expression of TGF-p, a cytokine expressed during healing, appears to be 

considerably increased (Fig. 5). The expression of other cytokines (TNF-a, IL-6, IL-IRI) 

was also detected (Fig. 5), but at much lower levels. Apoptosis-related gtnes fas, bax, 

bad, and bcl-2 were more strongly expressed in the ETA-treated mice receiving 

nonimmune IgG whereas/a5, bad and bcl-2 were only weakly expressed in those 

receiving anti-ETA IgG. The increase in the expression of apoptosis genes such as fas 

ftirther supports the possibiUty that ETA induces an apoptotic pathway within the liver 

cells. 
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Figure 4. ETA-induced fragmentation of DNA within murine hepatocytes. Liver tissue 
was harvested 36 h post-treatment of mice, the cytosolic DNA was extracted and 
separated on 1% agarose gels. Lanes: (1,2) ETA plus nonimmune IgG; (3, 4) ETA plus 
anti-ETA IgG. 
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Comparison of PA103 and its ETA-deficient mutant PA103Q::toxA 

Based on the analysis of P. aeruginosa strains in the thermally injured mouse 

model, earlier studies suggested that ETA plays a role in the pathogenesis of P. 

aeruginosa infection ofthe bum wound (Pavlovskis et al., 1977; Nicas & Iglewski, 

1985). However, these studies examined either non-specific mutants (Nicas & Iglew ski, 

1985) or compared the vimlence of two different clinical strains of P. aeruginosa 

(Pavlovskis et al, 1977). Pavlovskis et al. (1977) concluded that ETA is required for the 

spread of P. aeruginosa within the body of bumed/infected mice. Therefore, we tried to 

confirm this possibility using the P. aeruginosa strains PAl03 and its isogenic mutant 

PA103Q::/ox^, which is defective in ETA production only. We selected the PAl03 

strain since it produces neither elastase (Liu, 1966) nor exoenzyme S (Kudoh et al, 

1994). Both proteins are extracellular vimlence factors and their presence would 

complicate the analysis ofthe effects of ETA. The toxA mutation had no effect on the 

growth characteristics ofFA\03Q::toxA (Fig. 6). 

Using our murine model of thermal injury, we have compared PAl 03 and 

PA103Q::^ox^ in their mortahty, as well as in their systemic and local spread. Systemic 

spread was based on the colony forming units (CPUs) isolated within the intemal organs 

and local spread by the CPUs isolated within two specific skin sections: one at the 

inoculation site and one 15 mm away from the inoculation site termed the distant site 

(Rumbaugh et al, 1999a). Two groups of mice were subjected to thermal injury and 

infected with either PAl03 or PA103Q::ro.x^ as described in the materials and methods. 
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Figure 5. RNase protection assays demonstrating expression of cytokine and apoptosis-
related genes in the livers of mice in response to ETA. C57B1/6 mice were treated with 
purified ETA plus nonimmune IgG or ETA plus anti-ETA IgG. Livers were harvested 36 
h post-treatment. The total RNA was extracted, hybridized with two different templates, 
and separated on 6% acrylamide/urea gels. (A) mCK-3b template (Pharmingen) 
containing primarily proinflammatory cytokines; (B) a custom-designed template 
containing cytokine genes and apoptosis-related genes. The left lane represents the 
unprotected probe. L32 and GAPDH are housekeeping genes used as loading controls 
for the assay. Lanes: (1) ETA plus nonimmune IgG; (2) ETA plus anti-ETA IgG. 
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hi one set of experiments, the mortality rate was determined over a 6-day 

observation period post-bum/infection. As shown in Table 2, the mortality rate among 

mice infected with PA103Q::^o;c^ was significantly lower than that of mice infected with 

PAl03 (40.0%) vs. 86.7%). For systemic and local spread, the mice were euthanized at 

16 or 24 h post-bum/infection and the colony forming units per gram of tissue (CFUs/g) 

was determined. The number of CFUs/g of?A\03Q::toxA within the livers was 

significantly lower (P = 0.0251) than the numbers of PAl 03 at 24 h post-bum/infecfion 

indicating that ?A\03Q::toxA is defecfive in its systemic spread (Fig. 7). Within the 

inoculation sites, the CFUs/g of PA103 and PA103Q::?<9x^ were comparable at both 16 

and 24 hours post-bum/infection (Fig. 8). However, the CFUs/g of PA103Q::?ox^ within 

the distant site were significantly lower (P < 0.05) than the numbers of PAl 03 at both 

time points examined (Fig. 8). These resuhs confirm that ETA facilitates the spread of P. 

aeruginosa within thermally injured mice. 

We then tried to determine if the production of ETA by PAl 03 could facilitate the 

spread of?Al03Q::toxA. Both strains were injected into thermally injured mice as 

described in the materials and methods. After 24 h, tissue samples were collected and the 

number of bacteria quantitated. Both strains were isolated from the inoculation site in 

high numbers, but only PAl 03 was detected within the spleen, liver, and distant site of 

the skin (Table 3). Thus, the production of ETA by PAl 03 did not facilitate the spread of 

VA\03Q::toxA either locally or systemically. 
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Table 2. Mortality of thermally injured mice infected with P. aeruginosa strains PA 103 
orPA103Q::rojc^. 

:_a Strain Mortality by Days Post Treatment Average Percent 

Mortalit\ bv Day 6' 

PAl 03 

VA\03a::toxA 

0/15 

0/15 

12/15 

0/15 

13/15 

4/15 

13/15 

6/15 

86.7 

40.0 

a i M 10 CPUs of P. aeruginosa were injected subcutaneously under the bumed skin 
immediately post-bum. 

^Number of dead mice/number of mice tested (total from three experiments). 

"^Represents the average of three individual experiments (5 mice/group). 
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Figure 6. In vitro comparison ofthe growth of PAl 03 and PA103Q::/OAV1 (toxA"). Each 
strain was grown separately. The growth index was measured at 2 h intervals by 
absorbance at OD540. Each time point represents the average of four independent 
experiments ± SEM. 
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Figure 7. The effect of ETA on systemic spread of PA 103 within the bodies ofthe 
thermally injured/infected mice. Mice were infected with either PAl03 or PA103Q::rc>.v/i 
(toxA"). Tissue samples were obtained 24 h post-bum/infection. Each bar represents the 
average of three independent experiments ± SEM. * indicates P<0.05. 
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Figure 8. The effect of ETA on local spread of PA103 within the skin ofthe thennally 
injured/infected mice at 16 h and 24 h post-bum/infection. Mice were infected with 
either PA103 or PA103Q::/c>x^ (toxA"). The distant site was 15 mm away from the 
inoculation site. (A) Number of CFUs/g at the inoculation site. (B) Number of CFUs/g 
at the distant site. Each bar represents the average of three independent experiments ± 
SEM. * indicates P<0.05. 
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Table 3. Effect of exogenous ETA produced by P. aeruginosa PAl 03 on the 
local and systemic spread ofthe isogenic ETA~ mutant ? A\03Q.::toxA during 
coinfection. 

Tissue^ Average CFUs/g 

PA103 ran 
PA103Q::toxA Smc 

Skin—inoculation site 2.94x10' 6.44 X 10' 

Skin—distant site 1.40 X 10' 0 

Spleen 2.43 X 10' 0 

Liver 1.08 X 10' 0 

airv4 
10 CPUs of P. aeruginosa were injected subcutaneously under the injured skin 

immediately post-bum. Tissue samples were obtained 24 h post-thermal 
injury/infection. 

Represents numbers of CPUs obtained from tissues of three mice. 

^Antibiotic resistance markers used to recover and distinguish one strain from the 
other; Rif, rifampicin; Sm, streptomycin. 
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CHAPTER TV 

DISCUSSION 

The present study constitutes the first step in our attempt to develop a multi-

component antibody-based (Ab-based) immunotherapy against P. aeruginosa infection 

for severely bumed pafients. Ab-based therapies such as this are gaining support as an 

altemative to antibiotic treatment due to the alarming frequency with which P. 

aeruginosa gains antibiotic resistance (Neely & Holder, 1999; Casadevall & Scharff, 

1995). The two main aims ofthe study were: (1) to examine the specific damage that 

ETA induces within the host using the murine thermal-injury model and (2) to assess the 

effectiveness of specific anti-ETA antibodies in preventing that damage. Our results 

showed that ETA is extremely lethal (Table 1), causes histopathological changes within 

the liver (Fig. 3), induces apoptosis ofthe hepatocytes (Fig. 4), and enhances the 

expression of different proinflammatory cytokines (Fig. 5). These damaging effects were 

eliminated in the presence of anti-ETA IgG (Table 1; Figs. 3-5). This study confirms 

previous work infection (Pavlovskis et al., 1977) by providing evidence that anti-ETA 

antibodies are essential in protecting severely bumed patients against P. aeruginosa. 

However, anti-ETA antibodies are unlikely to be the only component needed for any 

future Ab-based therapy for P. aeruginosa bum wound infection. A sufficient level of 

protection will also require antibodies against other vimlence factors such as 

lipopolysaccharide (LPS), elastases (LasB and LasA), and exoenzyme S (ExoS). Located 

within the outer membrane, LPS is responsible for the bacteremia associated with gram-

negative infections (Pollack, 2000). Various studies in bumed mice have examined P. 
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aeruginosa strains containing mutations that affect LPS production and have shown that 

without LPS P. aeruginosa is greatly reduced in its vimlence (Cryz et al., 1984; Goldberg 

et al., 1995). LasB is a metalloprotease capable of degrading several complement 

components (Schultz & Miller, 1974), immunoglobulin G (IgG) (Holder & Naglich, 

1984), and various cytokines (Parmely et al., 1990). hi addition, both in vitro and in vivo 

studies suggest that LasA is an important vimlence factor that contributes to the damage 

caused by P. aeruginosa infection of bum wounds (Rumbaugh et al., submitted). ExoS is 

an ADP-ribosyl transferase with an affinity in vitro for low molecular weight GTP-

binding proteins (Cobum & Gill, 1991) and is released from P. aeruginosa by the type HI 

secretion system (Yahr et al, 1996). Using the bum mouse model, Nicas and Iglewski 

(1985) previously demonstrated that the LD50 of a non-specific, ExoS-deficient mutant of 

P. aeruginosa was much higher than the LD50 of its parent strain. Besides ExoS, other 

proteins secreted by the type III secretion pathway may participate in P. aeruginosa 

vimlence in bum wound infection. One example is PcrV, which is involved in the 

translocation of proteins associated with the type III system. Holder et al. (2001) have 

recently shown that the survival of bumed mice infected with P. aeruginosa was 

significantly enhanced upon prior vaccination with PcrV. 

Attempts to produce a P. aeruginosa vaccine for severely bumed patients have 

been previously reported. The most prominent of those vaccines is the 0-polysaccharide-

toxin A conjugate vaccine. 0-polysaccharide (0-PS) was derived from P. aeruginosa 

immunotype 5 LPS and then covalently linked to ETA with adipic acid dihydrazide 

serving as a spacer molecule (Cryz et al., 1986). This vaccine was non-toxic in mice, 
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elicited both anti-LPS and anfi-ETA antibodies in rabbits (Cryz et al., 1986), and was 

safe when injected into healthy adults (Cryz et al., 1987). As a limited number of P. 

aeruginosa immunotypes and serotypes account for the majority of strains isolated from 

cases of bacteremia (Pier & Thomas, 1982), an octavalent vaccine was constmcted to 

provide broader protection against these types (Fisher-Devlin immunotypes 1-5, 7 and 

Habs serotypes 3,4). This vaccine was shown to be safe and immunogenic in normal, 

healthy adults, although approximately 75% ofthe recipients experienced a mild, 

transient reaction at the site of injection (Cryz et al., 1989). No clinical trials were 

conducted with this vaccine in bumed patients; however, some success in preventing 

infection was observed in a small trial with cystic fibrosis patients (Cryz et al., 1997). 

In comparison with the 0-PS-toxin A conjugate vaccine, our proposed Ab-based 

therapy has two main advantages. The therapy will consist of specific antibodies to be 

administered to severely bumed patients within the first 4 to 6 weeks after injury, the 

time frame in which the bum patient is most vulnerable to P. aeruginosa infection 

(Greenfield & McManus, 1997). During this period, the immune systems of these 

pafients are severely compromised (Greenfield & McManus, 1997) and may not respond 

to vaccination with P. aeruginosa antigens or to a P. aeruginosa infection. Thus, in our 

proposed therapy, sufficient levels of passively transferred antibodies could provide rapid 

protection in these patients against P. aeruginosa infection (Shirani et al., 1984). The 

second advantage ofthe therapy is that it will contain antibodies not only against LPS 

and ETA, but also elastase (LasB) and exoenzyme S. In the future, both an Ab-based 

therapy and a conjugate vaccine may be used together to treat severely bumed patients. 

41 



The Ab-based therapy would be administered during the first four weeks post-thermal 

injury while the immune system carmot produce antibodies; and the conjugate \'accine 

would be given after this period. It is also possible that the Ab-based therapy could be 

used as a supportive therapy given in combination with current antibiotic treatment(s) to 

help prevent P. aeruginosa infection and subsequent septicemia (Neely & Holder, 1999). 

Based on the resuhs of different clinical trials, Ab-based therapies are safe and 

protective. For example, Shirani et al. (1984) pooled IgG from normal donors and 

processed these antibodies for intravenous injection. This group demonstrated that the 

infusion of 500 mg/kg of IgG twice weekly to bum patients maintained normal semm 

IgG levels (Shirani et al., 1984). A small, open trial of FV tetravalent hyperimmune 

Pseudomonas induced immunoglobulin G (THPG) was tested in bum patients with 

Pseudomonas sepsis (Hunt & Purdue, 1988). THPG was pooled from normal donors 

with high titers against P. aeruginosa LPS immunotypes 1, 2, 4 and 6. This particular 

IgG therapy appeared to be beneficial to these patients as the improvement of their 

clinical condition correlated with the rise in their Ab titers (Hunt & Purdue, 1988). The 

major drawbacks of any Ab-based therapy, including the therapy proposed in this study, 

are the expense and difficulty in obtaining fiilly human antibodies (Casadevall & Scharff, 

1995). Methods for generating hybridoma lines that secrete human monoclonal 

antibodies against P. aeruginosa LPS have been described (Lang et al., 1989; Lang et al., 

1990), as well as the use of transgenic mice (Hemachandra et al., 2001). Hybridoma 

technology may allow human monoclonal antibodies to be produced on a cost-effective 

basis (Casadevall & Scharff, 1995). 

42 



Cytokine production in response to P. aeruginosa infection has been shown by 

several previous clinical and animal model studies. Recent studies demonstrated the 

presence of IL-6, TNF, and IL-8 in the circulation of bum patients including those 

infected with P. aeruginosa (Guo et al, 1990; Hack et al., 1992; Liu et al., 1994; 

McMillen et al., 1996; Stmzyna et al., 1995). hi the bum mouse model, P. aeruginosa 

sepsis induced a significant production of tumor necrosis factor (TNF) and interieukin-6 

(IL-6) (Neely et al., 1996). Using the mouse model of comeal infection, Kemacki et al. 

(1998) have shown that localized P. aeruginosa infection enhanced the expression of 

several cytokines within the comea. These cytokines included proinflammatory, 

hematopoietic, and immunoregulatory cytokines (Kemacki et al, 1998). Recently, we 

have shown that P. aeruginosa infection of thermally injured mice enhanced the 

expression of cytokines within the skin and the liver compared to non-infected, thermally 

injured mice, which produced few cytokines in response to thermal injury alone 

(Rumbaugh et al., in press). However, despite these studies, the effect of an individual P. 

aeruginosa vimlence factor on the expression of these cytokines is not known. The 

present study shows that the injection of ETA induced the production of many 

proinflammatory cytokines within the livers of normal mice (Fig. 5). Whether the 

expression of these or other cytokines can be caused by other P. aeruginosa vimlence 

factors has yet to be determined. Excessive production of these cytokines is likely to be 

one ofthe mechanisms through which ETA produces its in vivo effect, as specific anti-

ETA antibodies interfered with the process that led to the production of these cytokines 

(Fig. 5). In addition to Ab-based therapies, identifying the cytokines that are induced by 
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different vimlence factors is necessary in designing any possible treatment that depends 

on manipulating the levels of these cytokines. 

The systemic spread of P. aeruginosa during bum wound infection is thought to 

be facilitated (at least in part) by ETA (Pavlovskis et al., 1977). hi this study, we ha\ e 

compared the local and systemic spread of P. aeruginosa strain PAl 03 and its toxA' 

isogenic mutant. PAl03, which does not produce elastase or exoenzyme S, was utilized 

to exclude the effect of these vimlence factors. The survival rate among mice infected 

with PA103Q::rox^ was significantly higher (P = 0.0113) than that among mice infected 

with PAl03 (Table 2). hi addition, both the systemic and local spread of PA103Q::rox'l 

were significantiy lower (P < 0.05) than those of PA103 (Figs. 7, 8). Although these 

resuhs strongly suggest that ETA contributes to the spread of P. aeruginosa, the 

mechanism through which such spread occurs is unknown. We have mled out the 

possibility that the toxA mutation affected the general growth characteristics of PAl 03 

(Fig. 6). The simplest explanation is that through its ADP-ribosylating activity, ETA 

destroys the host tissues around P. aeruginosa providing the necessary nutrients for its 

multiplication and spread. We have conducted several preliminary experiments to 

explain this possibihty. First, we determined if exogenous ETA produced by PAl 03 

would facilitate the spread of PA103Q::/OJC^ in thermally injured mice co-infected with 

both PAl03 and VA\03Q.:\toxA. Even though both strains were isolated from the 

inoculation sites at high numbers (Table 3), PA103Q::/ox^ did not spread to the distant 

site within the skin nor systemically to the spleens and livers of mice 24 h after thermal 

injury and infection, while PA 103 was recovered from all sites at high numbers (Table 3). 
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Similarly, the injection of purified ETA together with ?A\03Q::toxA did not aid its 

spread within the skin and intemal organs of thermally injured/infected animals (data not 

shown). We have also tried to determine if the defect in the spread of?Al03Q::toxA 

would be complemented by a plasmid that carries an intact copy ofthe toxA gene. The 

presence ofthe toxA plasmid in PA103Q::rojc^ restored its ability to produce ETA in 

vitro (data not shown). However within the infected tissues, the plasmid segregated from 

?A\03Q::toxA at a high rate, so these experiments could not be carried to completion 

(data not shown). 

This defect in the spread of P. aeruginosa does not appear to be associated with 

the PA 103 strain only. We have recently shown that a toxA deficient mutant ofthe P. 

aeruginosa strain PAOl could spread locally, but not systemically in thermally injured 

and infected mice (Rumbaugh et al., submitted). One possible explanation for these 

results is that the toxA deletion in 'PA\03Cl::toxA affects the expression and/or synthesis 

of another factor that is required for its spread. We have mled out the possibility that the 

toxA deletion affects the flagellum-mediated motility in P. aeruginosa using the 

swimming motility agar plates (Rashid & Komberg, 2000). PAl03 and PA103Q::/c».x^ 

produced comparable zone of swimming motility on the motility agar plates (data not 

shown). Further analysis is required to determine the nature ofthe defect in 

PA103Q::/ojCy4 that interferes with its efficient spread within the bodies of thermally 

injured/infected mice. 
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